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TECHNICAL MEMORANDUM x-613 

AN EVALUATION OF THERMAL PROTECTION FOR ApOLLO* ** 
By W i l l i a m  A. Brooks, Jr., Kenneth L. Wadlin, 

Robert T. Swann, and Roger W. Peters 

SUMMARY 

Results of experimental and ana ly t ica l  invest igat ions associated 
w i t h  thermal protection f o r  Apollo are presented. 
invest igat ion w a s  d i rected toward the evaluation of ablat ion mater ia ls  
f o r  both convective and radiat ive heating and of the influence of char 
thickness on the performance of a charring ablator .  The ana ly t i ca l  
invest igat ion consisted of a thermal analysis t o  predict  the required 
thermal protection weight f o r  a f l i gh t  condition. These invest igat ions 
indicated t h a t  advanced charring ablators  having low density a re  best  
su i ted  f o r  the thermal shield f o r  Apollo. Such mater ia ls  achieve high 
ef f ic iency  by combining the desirable fea tures  of ablat ion and reradia- 
t ion .  This e f f ic iency  is  not ser iously affected by the presence of 
rad ia t ive  heating and i s  a t ta ined  with only moderate char thickness. 
The e f f ic iency  i s  decreased f o r  the vehicle afterbody because of exposure 
t o  lower heating r a t e s  which require more insulat ion weights. 

The experimental 

MTRO WC TION 

A survey of recent Apollo studies has indicated t h a t  thermal- 
protect ion weight f o r  the reentry module may cons t i tu te  20 t o  30 percent 
of the t o t a l  reentry weight. Considerable e f f o r t  therefore  should be 
devoted t o  obtaining an understanding of the requirements f o r  thermal- 
protect ion systems with the objective of developing and u t i l i z i n g  high 
performance systems which afford weight reduction. The discussion pre- 
sented herein i s  centered on the analysis of some experimental investiga- 
t i ons  and on ana ly t i ca l  predictions of thermal-protection requirements 
f o r  t he  Apollo spacecraft .  

jcThis report  was one of the  papers presented at  the  NASA-Industry 
Apollo Technical Conference, Washington, D.C. Ju ly  18-20, 1961. 

*itle, Unclassified. 
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SYMBOLS 

h enthalpy, E%u/lb 

k Btu 
ft-sec-OF 

thermal conductivity, 

P pres  sure, a t m  

Q t o t a l  heat  input, Btu/ft2 

9 heating ra te ,  Btu/ft2-sec 

T temperature, OF 

W weight, l b / f t2  

P density, l b / f t 3  

Subscripts: 

C convective 

R rad ia t ive  

S stream 

W w a l l  

............... ....... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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FLIGHT TAERMAL ENVIRONMENT 

Figure 1 shows a t y p i c a l  reent ry  heating condition f o r  the  stagna- 
t i o n  point of a vehicle with a s m a l l  nose radius such as the  M - 1  con- 
f igurat ion.  The convective heating, which i s  cha rac t e r i s t i c  of a long- 
range overshoot mode of operation, cons i s t s  of a high, r e l a t i v e l y  shor t  
pulse followed by a low long pulse. One of the dominant fea tures  of 
t h i s  type of reent ry  i s  the  long heating time and the r e su l t i ng  high 
convective heat input Q of 100,000 Btu/ft2. Another distinguishing 
fea ture  i s  the large amount of r ad ia t ive  hea t  t r a n s f e r  t o  the  body from 
the hot gases. 

4 

The pulse indicated by the dashed curve i n  f igure  1 i s  an estimated 
t o t a l  radiat ive heating r a t e  (equilibrium plus  nonequilibrium radia t ion)  
which was obtained from some recent work of the  AVCO Corporation. The 
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nonequilibrium component of the radiative heating is  severa l  times as 
large as the equilibrium component. There i s  considerable uncertainty 
regarding the rad ia t ive  heat input QR and t h i s  uncertainty undoubtedly 
w i l l  not be resolved u n t i l  su i tab le  f l i g h t  t e s t s  have been made. Radia- 
t i v e  heat  input w i l l  be confined f o r  the most pa r t  t o  the forebody of 
the spacecraft .  For the stagnation point, the  t o t a l  rad ia t ive  input i s  
27,500 Btu/ft2. 

Certain charac te r i s t ics  of the heat pulse i n  f igure 1 suggest 
desirable  propert ies  f o r  the thermal shield.  These cha rac t e r i s t i c s  are 
l i s t e d  i n  the following tab le  along with the resu l t ing  sh ie ld  property 
requirements: 

Character is t ic  
of heating 

H i g h  heating r a t e  
High enthalpy 
b n g  time a t  lower 

heating r a t e  
Large heat input 

b n g  exposure time 

Requirement 

I 
Ab la  t o r 
Large v o l a t i l e  f r ac t ion  
H i g h  surface temperature 

High surface temperature 
for  reradiat ion 

and large blocking 
e f f ec t  

Ef f ic ien t  insu la tor  

The i n i t i a l  heating r a t e s  q are  too high t o  be handled by reradiat ion 
alone and a mater ia l  t h a t  ab la tes  i s  indicated. The enthalpy i s  a l so  
high during the f i r s t  pulse and therefore mass in jec t ion  i n t o  the bound- 
ary l ayer  i s  very e f f i c i e n t  i n  reducing the convective heating t o  the 
body. This being the case, a subs tan t ia l  f r ac t ion  of the  ab la tor  should 
be v o l a t i l e .  

About one-half of the t o t a l  heat input i s  accumulated at heating 
rates l e s s  than 100 Btu/ft2-sec. 
t h a t  the t o t a l  input i s  large, indicates that  materials which operate 
with high surface temperatures should be used t o  obtain the benef ic ia l  
e f f e c t s  of reradiat ion.  Also, because of the large input, as much con- 
vective heating as possible should be blocked. The long exposure time 
requires that  the mater ia l  be an e f f i c i e n t  insu la tor  i n  order t o  mini- 
mize the amount of heat t h a t  soaks through t o  the spacecraft  i n t e r io r .  
In  o ther  words, an ablat ing rad ia tor  w i t h  a small value of thermal con- 
duc t iv i ty  times density (kp)  is  appropriate. 

This charac te r i s t ic ,  plus the f a c t  
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MPERIMENTAL MAT'ERW INVESTIGATION 

It i s  not  possible a t  present t o  simulate accurately the reentry 
environment i n  ground f a c i l i t i e s .  
f l i g h t  tests, tes t  f a c i l i t i e s  which are  avai lable  must be used t o  deter- 
mine the processes and the parameters which influence the performance 
of thermal-protection systems. These r e s u l t s  may then be extrapolated 
t o  the ac tua l  environment by ana ly t i ca l  means with the  f i n a l  ve r i f i ca -  
t i o n  accomplished by a l imited number of f l i g h t  t e s t s .  

However, i n  view of the cost  of 

Because of t h i s  philosophy, a series of tests w a s  made i n  the 
2500 kilowatt  a rc  j e t  a t  the Langley Research Center with the experimental 
arrangement shown i n  figure 2. The convective heat ing w a s  provided by 
a 4-inch-diameter subsonic atmospheric pressure arc-heated a i r  je t .  A 
convective heating r a t e  of 100 Btu/ftZ-sec w a s  obtained w i t h  a 
stream enthalpy hS of 3,500 Btu/lb. A cy l ind r i ca l  graphite g r id  
radiator, mounted d i r e c t l y  above the a rc - j e t  nozzle, w a s  used t o  provide 

up t o  200 Btu/ft2-sec. radiat ive heating rates 

ment combined radiat ive and convective heating tests could be made i n  
addition t o  the familiar convective t e s t s .  0 

CQ 

With t h i s  arrange- qR 

The specimens, which were supported by a water-cooled s t ing,  were 
3-inch-diameter disks w i t h  thicknesses such tha t  a l l  specimens had a 
weight W of 3 lb/ft2.  A copper calorimeter w a s  bonded t o  the back 
face of the specimen. The calorimeter had a heat capacity of approxi- 
mately 0.5 Btu/ft2-OF which corresponds t o  about 2 l b / f t 2  of aluminum 
structure .  The pr inc ipa l  purpose of these tests w a s  t o  evaluate the 
tes t  materials i n  terms of t h e i r  a b i l i t y  t o  l i m i t  the  flow of heat t o  
the back face.  The temperature of the  calorimeter and mass losses  were 
measured. 

. 

Although these t e s t  conditions do not c losely simulate the f l i g h t  
environment, it i s  expected t h a t  the r e l a t i v e  behavior of materials i n  
f l i g h t  will be subs t an t i a l ly  the  same as i n  the t e s t  environment. Those 
areas  where the lack of exact simulation will most l i k e l y  a f f e c t  the 
r e su l t s  are  indicated as the  t e s t  data are discussed. 

Figure 3 shows the temperature r i s e  t h a t  the calorimeter experi- 
enced when t h e  3 l b / f t 2  specimens w e r e  exposed t o  convective heating 
alone a t  a cold w a l l  r a t e  of 100 Btu/ft*-sec. 
when t h e  calorimeter temperature rise reached 300' F which w a s  selected 
as a representative s t r u c t u r a l  temperature. The materials invest igated # 

can be divided i n t o  three  c l a s ses  and the calorimeter temperature his-  
t o r i e s  are shown by bands f o r  each of the  classes:  sublimers, ceramic 

The tes ts  were terminated 

0 
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composites, and charring composites. The sublimers tested were Teflon, 
nylon, and Fluorogreen which i s  basical ly  Teflon with s i l i c a  and other 
addi t ives .  These materials as a class  showed the poorest a b i l i t y  t o  
l i m i t  the  calorimeter temperature r ise ,  providing a maximum delay of 
less than 60 seconds. I n  addition, they experienced high mass-loss 
r a t e s  with the  e n t i r e  3 l b / f t  2 being consumed during t h e  tests. 

The ceramic composites included foamed alumina, foamed zirconia, 
foamed s i l i con  carbide, and these same foams impregnated with various 
res ins .  I n  a l l ,  18 d i f f e ren t  combinations were tes ted .  As  a class ,  
ceramic composites provided grea te r  delay times than the sublimers. 
general, the high-density unimpregnated foams provided the shor tes t  
delay times, and t h e  low-density impregnated materials provided the  
longest delays. 
loss  rates of the  three classes  tested,  being about 1/17 those of the 
sublimers. The ceramics experienced approximately a 20-percent m a s s  
loss .  

In  

The ceramic composites experienced the  smallest mass- 

The charring composites, i n  general, consis t  of phenolic, epoxy, 
o r  other  res ins  f i l l e d  w i t h  organic or inorganic materials i n  t h e  form 
of powder, fibers, o r  microballoons. Fif ty-f ive d i f f e ren t  composities 
were evaluated including G.E. castable ablators,  AVCO Avcoat series, 
Emerson E lec t r i c  Thermo-Lag ser ies ,  NARMCO ser ies ,  and NASA series. 
The charring composites show the  best  a b i l i t y  t o  l i m i t  heat  flow t o  the  
back surface, l imi t ing  the  calorimeter temperature r ise t o  300' F f o r  
times up t o  260 seconds. Again, the  lower density materials generally 
provided protection f o r  longer t i m e s  than did the  higher densi ty  m a t e -  
rials. 
t o  materials typ ica l  of which i s  a 50-50 mixture of phenolic-nylon with 
50 percent of the phenolic i n  the  form of microballoons. The curve i n  
the  center  of the band i s  f o r  a 50-50mixture of phenolic and powdered 
nylon without microballoons. This material, which w a s  compounded a t  the  
Langley Research Center, w a s  used as a reference material f o r  experi- 
mental and ana ly t ica l  s tudies  t o  be discussed subsequently. 
r ing  composites experienced moderate mass-loss rates, these rates being 
i n  general about twice those experienced by the ceramic composites. 
About 85 percent of the material was consumed during the  tests. 

The r igh t  boundary of the  charring composite band corresponds 

The char- 

As  previously mentioned, these t e s t s  were made w i t h  a stream 
enthalpy of 3,500 Btu/lb. 
l e v e l s  encountered i n  the Apollo reentry environment, a l l  three  bands 
would s h i f t  t o  the  r i g h t .  
composites would continue t o  show superior performance f o r  the Apollo 
conditions.  

I f  t he  enthalpy were increased t o  the higher 

However, it i s  expected t h a t  t he  charring 

The re su l t s  presented i n  f igure  3 indicate  t h a t  charring ablators  
a re  the type of thermal-protection materials appropriate f o r  the Apollo 
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spacecraft. The advanced charring ab ia tors  which have addi t ives  t o  
lessen the density, t o  increase the i n t e g r i t y  of the  char, and t o  lessen 
shape changes should be employed. 

Reentry a t  escape veloci ty  i s  expected t o  r e s u l t  i n  subs tan t ia l  
radiat ive heat loads as previously indicated.  The prospect of rad ia t ive  
heat loads has  caused speculation as t o  t he  performance of ab la t ive  
materials under combined rad ia t ive  and convective heating. 
t h i s ,  a preliminary evaluation of t he  influence of rad ia t ive  heat  loads 
on ablation mater ia ls  was made. 

In  view of 

The i n i t i a l  results of t h i s  program are presented i n  f igure  4. 
The ef f ic ienc ies  Q/W of th ree  mater ia ls  - Teflon, Fluorogreen, and 
phenolic-nylon - a re  given as a function of the  t o t a l  cold-wall heating 
rate. Efficiency i s  defined as the t o t a l  cold-wall heat input t o  the  
specimen, before the calorimeter experienced a 300' F temperature rise, 
divided by the i n i t i a l  specimen weight, which was 3 l b / f t 2 .  Tests have 
a l so  been made with i n i t i a l  specimen weights of 11 and 6 lb / f t2 .  These 

t e s t s  indicated t h a t  the i n i t i a l  weight has a s m a l l  influence on effi-  
ciency with the  l a rge r  weights leading t o  a slight increase i n  e f f i -  
ciency. D a t a  are shown for rad ia t ive  heating alone, convective heating 
alone, and combined rad ia t ive  and convective hea t ing .  

2 

A ser ies  of t e s t s  involving r ad ia t ive  heating alone shows the  same 
l e v e l  of e f f ic iency  and r a t e  of increasing e f f ic iency  t h a t  was obtained 

L 
1 
7 
7 
5 

For Teflon, the e f f ic iency  f o r  convective heating only i s  about 
1,900 Btu/lb. 
e s sen t i a l ly  zero. This r ad ica l  change i n  e f f ic iency  i s  caused by the  
transparency of Teflon t o  thermal rad ia t ion .  When the  convective 
heating i s  he ld  approximately constant and the  rad ia t ive  component i s  
increased, the  e f f ic iency  again drops t o  a low l eve l .  
only a small amount of rad ia t ive  heating causes most of the decrease. 

With rad ia t ive  heating only the e f f ic iency  drops t o  

The addi t ion of 

For Fluorogreen, which i s  e s s e n t i a l l y  Teflon with addi t ives  t h a t  
increase the opaqueness t o  thermal radiat ion,  t he  e f f ic iency  f o r  con- 
vective heating alone i s  the  same as f o r  Teflon. However, pure radia- 
t i v e  heating does not decrease e f f ic iency  as much as it did i n  the  case 
of Teflon. The s e r i e s  of t e s t s  with combined r ad ia t ive  and convective 
heating produced higher eff ic iency than i n  the  case of Teflon. 

For phenolic-nylon, a series of convective tes ts  shows an increase 
i n  eff ic iency with increasing heating r a t e .  
ra te ,  phenolic-nylon has a much grea te r  eff ic iency,  5,600 Btu/lb, than 
Teflon and Fluorogreen. The subs tan t ia l  increase i n  e f f ic iency  i s  
caused by t h e  char formation which r e rad ia t e s  heat .  

A t  a comparable heat ing 
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i n  t he  convective t e s t s .  Tests of combined rad ia t ive  and convective 
heating with the convective component approximately equal t o  
100 Btu/ft2-sec and with increasing amounts of rad ia t ive  heating a l so  
produced about the same t rend i n  efficiency. In  a l l  cases, as the t o t a l  
heating r a t e  was increased, surface temperatures increased and caused 
increased reradiat ion and eff ic iency.  

The point t h a t  can be made with these t e s t  results i s  tha t ,  for 
t he  t e s t  environment, phenolic-nylon has  the  same eff ic iency f o r  con- 
vective o r  rad ia t ive  heating. The presence of rad ia t ive  heating does 
not cause a degradation i n  the  perfornance of the mater ia l .  

It has been establ ished t h a t  the  high surface temperatures, which 
a r e  possible when chars a re  present, r e su l t  i n  increased eff ic iency.  
There is, however, some question as t o  the  amount of char required. 
Figure 5 shows the  r e s u l t s  of a preliminary study of char thickness. 
Chars were developed with a convective heating r a t e  of 110 Btu/ft2-sec. 
Thick specimens, weighing 9 lb / f t2 ,  were used i n  t h i s  phase of the study 
t o  provide f o r  long t e s t  times and thick char layers .  The char thick- 
ness i n  inches and the mass-loss r a t e  i n  l b / f t  -sec a r e  p lo t ted  as 
functions of time. Ekperimental points have been f i t t e d  with a f a i r ed  
l i n e  t o  show the  growth of the char thickness. The char thickness grew 
rapidly a t  first; however, the  rate of the  growth diminished with time 
and the  char approached a thickness of about 0.25 t o  0.3 inch under 
these test  conditions w i t h  a s l i g h t  decrease i n  thickness occurring 
a f t e r  240 seconds. 

2 

The mass-loss r a t e  i s  shown by a curve which was derived from meas- 
urements of the mass losses .  The mass-loss r a t e  decreased rapidly with 
time when the char l aye r  was t h i n  and was rapidly building up. 
the i n i t i a l  rapid decrease, the  mass-loss r a t e  changed very slowly and 
became constant.  This  shows t h a t  the mass-loss r a t e  i s  s t rongly inf lu-  
enced by the  i n i t i a l  char formation but not  influenced as s ign i f i can t ly  
by fur ther  development of th ick  chars. 

After 

It i s  in t e re s t ing  t o  note t h a t  the specimen surface temperature Tw, 
shown on the char-thickness curve, increased from 3,060' F a f t e r  an 
exposure of 
t i a l l y  constant thereaf te r .  The period of increasing temperature cor- 
responds t o  the  t r ans i en t  period i n  mass-loss rate. 

seconds t o  3,460° F a f t e r  120 seconds and remained essen- 

The conclusion t h a t  can be drawn here is  t h a t  char formation i s  
important but the benef i t s  diminish rapidly a f t e r  a ce r t a in  thickness 
i s  obtained. 
0.2 of an inch, but  it may d i f f e r  for  o ther  mater ia ls .  
t e s t  environment does not exact ly  simulate the f l i g h t  environment, it 

For phenolic-nylon t h i s  thickness appears t o  be about 
Although the 
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is  expected t h a t  the same conclusion appl ies  t o  t h e  f l ight environment - 
t h a t  i s ,  i n  f l i g h t  only a moderate thickness of char l aye r  will be 
required t o  der ive the major benefi ts .  

ANALYTICAL PREDICTIONS 

The thermal ana lys i s  which must be used t o  pred ic t  the required 
thermal-protection w e i g h t  f o r  Apollo i s  now discussed. Figure 6 shows 
one of the models which I s  curren t ly  being analyzed. The model incor- 
porates a char layer and a layer of v i r g i n  material bonded t o  a honey- 
comb s t r u c t u r a l  panel. 
i n t e r i o r  w a l l  a t  temperatures less than 100' F. 

A cooling system i s  u t i l i z e d  t o  maintain the 

The mechanism of char removal i s  not a t  present w e l l  understood 
so provisions have been made i n  the  computer program f o r  e i t h e r  oxida- 
t ion ,  which removes char a t  a calculated rate, o r  mechanical erosion, 
which produces a char layer of constant thickness. Test r e s u l t s  
obtained for charring ab la to r s  have indicated t h a t  combustion of the  
char o r  the  gases of pyrolysis  may be a s ign i f i can t  f a c t o r  i n  the per- 
formance of these materials. A t  the  present time, t h i s  phenomenon i s  
not understood w e l l  enough t o  be included i n  these  ca lcu la t ions .  The 
computer program has a provision f o r  a var iab le  temperature of pyrol- 
y s i s  but, i n  t he  r e s u l t s  t o  be presented subsequently f o r  phenolic- 
nylon, a constant pyrolysis temperature of 1,250' F w a s  used. 

The bond-line temperature was assumed not t o  exceed 600° F which 
i s  a representative maximum temperature f o r  organic bonding mater ia l s .  
With the 600° F l imi t a t ion  on bond-line temperature, only s m a l l  amounts 
of heat  reached the  i n t e r i o r  w a l l  because of t h e  in su la t ing  q u a l i t i e s  Of 
t he  honeycomb panel (ref. 1). 

The computer program permits both convective and r ad ia t ive  heating 
inputs .  Both forms of heating contr ibute  t o  the  rate of pyrolysis .  
However, when t h e  gases produced by pyrolysis are in j ec t ed  i n t o  t h e  
boundary layer,  they block only t h e  aerodynamic heat ing.  
the blocking has been determined from so lu t ions  of the boundary-layer 
equations ( r e f .  2) and has been programed i n t o  the  rout ine.  

The ex ten t  of 

The behavior of charring ab la to r s  i s  very complex and one might 
an t ic ipa te  d i f f i c u l t i e s  when attempting t o  a n a l y t i c a l l y  match experi- 
m e n t a l  r e su l t s .  This w a s  found t o  be t h e  case, p a r t i c u l a r l y  during 
rapidly changing t r ans i en t  s i t ua t ions .  A grea t  dea l  of t h e  d i f f i c u l t y  
a r i s e s  because of t h e  many unknown proper t ies ,  such as the  char con- 
duct ivi ty ,  the spec i f ic  hea t  of the  gases r e su l t i ng  from pyrolysis, t h e  
heat of pyrolysis, and the  temperature of pyrolysis .  

c 

). 
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When t h e  t e s t  environment was programed i n t o  the  calculat ing rou- 

Agreement 
rad ia t ive  heating 

t i ne ,  ana ly t i ca l  r e s u l t s  were obtained which a r e  i n  good agreement w i t h  
the experimental data  shown i n  f igure 4 f o r  phenolic-nylon. 
has been obtained f o r  the three heating conditions: 
only, convective heating only, and combined heating. 

The ana ly t i ca l  rout ine has a lso been used t o  determine t h a t  the 
decrease i n  char l aye r  thickness, shown i n  f igure  5, i s  caused by an 
increase i n  char removal rate. aper imenta l ly  determined char-loss 
r a t e s  were programed i n t o  t h e  routine producing char-thickness curves 
similar t o  those shown i n  the  f igure.  

For the most par t ,  e f f o r t  has been concentrated on determining the 
var ia t ion  of char conductivity with temperature t h a t  would r e s u l t  i n  
the measured char thickness and t h a t  would match experimentally deter- 
mined in t e rna l  temperatures. 
and experimental temperature h i s to r i e s  obtained with phenolic-nylon 
heated a t  a r a t e  of about 100 Btu/ft*-sec. 
a function of time f o r  several  s ta t ions  measured from the  back surface.  
The s o l i d  curves a re  experimental temperature t r aces  and the  dashed 
curves a r e  calculated r e su l t s .  The dashed curves shown i n  f igure  7 
a r e  the bes t  f i t  t o  the  experimental r e su l t s  t h a t  has been obtained. 
It w a s  found t h a t  the conductivity providing the  bes t  f i t  was a cubic 
function of temperatures with values as high as f o r t y  times the  con- 
duc t iv i ty  of the  v i rg in  mater ia l .  

Figure 7 shows a comparison of calculated 

Temperature i s  p lo t ted  as 

The approach t h a t  has been taken i n  the  present program i s  t o  
determine what propert ies  must be used t o  br ing about good agreement 
between ana ly t i ca l  and experimental r e su l t s  and t o  use these propert ies  
t o  ana ly t i ca l ly  extrapolate  t o  the f l i g h t  conditions. With t h i s  e s t i -  
m a t e  of the  char propert ies  of phenolic-nylon, predict ions were made of 
the  weight of thermal protect ion required t o  pro tec t  the stagnation a rea  
from the heat pulse shown i n  f igure 1. 
where the  required weight per square foot f o r  maintenance of a maximum 
bond-line temperature of 600° F i s  plot ted as a function of maximum char 
l aye r  thickness.  I n  the computations, when the  char thickness increased 
t o  a desired amount, it was thereaf te r  assumed t o  remain constant. 
required weight i s  shown by a band whose lower edge corresponds t o  the  
ana ly t i ca l ly  determined conductivity and whose upper edge corresponds t o  
twice t h a t  conductivity. 
3Gpercent increase i n  weight for  the e n t i r e  range of char thickness. 
I n  general, weight decreases as the  char l aye r  thickness increases.  
However, the  most subs tan t ia l  decreases occur a t  the thinner  char 
l aye r s .  A t  the  r igh t ,  the  t i c k  mark indicates  t he  weight corresponding 
t o  the  l imi t ing  case of a continuous buildup of char thickness.  

The r e s u l t s  a r e  shown i n  f igure  8 

The 

Doubling the conductivity produces about a 

There a r e  no avai lable  experimental da ta  r e l a t i n g  char removal t o  
the basic  mechanisms which a re  currently postulated.  
dynamic-pressure f l i g h t  environment associated with in te rcont inenta l  

I n  the high- 
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b a l l i s t i c  missiles,  char thickness of the  order o f  0.05 inch has been 
reported. 
thicknesses of char layers  t h a t  will be obtained i n  the  Apollo reentry 
environment. 

A t  the  present t i m e ,  very l i t t l e  can be sa id  about the  

However, char layers  of about 0.1 inch appear t o  be a reasonable 
assumption fo r  the  Apollo environment. With t h i s  char thickness, the 
required weight of thermal protection given by the lower edge of t h e  

band i s  13 l b / f t2 .  
weight i s  1 0  lb / f t2 .  

2 increase of 3 l b / f t  The 30-percent increase i s  almost 
equal t o  the  increase i n  t o t a l  heat input caused by the rad ia t ive  com- 
ponent. This means t h a t  t he  weight increase r e s u l t s  primarily because 
of an increase i n  t o t a l  heat  input and not because of the type of 
heating. 

With the  convective component of heating only, the 
The rad ia t ive  component of heating causes an 

or  30 percent.  

Thermal protection fo r  the afterbody was considered and the results 
are shown i n  f igure 9. 
as a function of the l o c a l  heat  input.  
heating i s  assumed t o  be convective only. 
heat  input is increased t o  the  stagnation-point value of 127,000 Btu/ft  
by adding a rad ia t ive  component. Efficiency, defined as the  heat  input 

t o  be made is t h a t  weight  reduction i s  not proportional t o  the  reduction 
i n  heat  input.  Because of t h e  long exposure t o  lower heating rates more 
ablat ion mater ia l  is  required f o r  se l f - insu la t ion  on areas a f t  of t h e  
stagnation point.  
ciency, as can be seen i n  t h e  f igure .  For t o t a l  heat input grea te r  
than 100,000 Btu/ft2, there  is  a small reduction i n  e f f ic iency  caused 
by t h e  radiat ive component of heating. This is  contrary t o  the  pre- 
viously presented experimental da ta  and may r e s u l t  from the  differences 
i n  the  heating environments. 

The required weight per square foot  i s  p lo t ted  

Beyond 100,OOO Btu/ft2, the  
Up t o  100,000 Btu/ft*, t h e  

2 C 

divided by the required weight, i s  also shown. The s igni f icant  point 4 

More se l f - insu la t ion  weight leads t o  decreased eff i -  

CONCUTSIONS 

Although the presented experimental data and ana ly t i ca l  predictions 
are at present l imited i n  scope, they are believed t o  support the f o l -  
lowing conclusions regarding a thermal shield f o r  Apollo: 

1. An ablat ing rad ia tor  approach which achieves high eff ic iency by 
combining the desirable fea tures  of ab la t ion  and re rad ia t ion  i s  
appropriate. 

2. I n  par t icu lar ,  advanced charring ab la tors  which have low densi ty  
and produce strong chars provide best eff ic iency.  
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3. A char layer is  e s s e n t i a l  t o  the e f f ic iency  of charring ab la tors  
but only moderate thicknesses of char w i t h  good i n t e g r i t y  appear t o  be 
required. 

4. The presence of rad ia t ive  heating i n  the Apollo reent ry  environ- 
ment does not se r ious ly  a f f ec t  the eff ic iency of charring ablators .  

5. The ef f ic iency  of the thermal protect ion required f o r  the after- 
body is  decreased because of expostme t o  lower heating rates which 
require  more insu la t ion  weight. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Air Force Base, Va., Ju ly  19, 1961. 
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